Temperature-sensitive (ts) mutations occurring in three genes 1, 2 and 7, and 1, 5 and 7 were found in two cold-adapted (ts) attenuated influenza virus strains A/Leningrad/9/37/46 (HON 1) and A/Leningrad/134/17/57 (H2N2) respectively. The recombinants, obtained by crossing these cold-adapted strains with virulent influenza virus strains, had different genome structures and inherited from one to six genes from the cold-adapted parents. Tests of reactogenicity of recombinants in volunteers showed all the recombinants to be non-reactogenic irrespective of the number of genes inherited from the cold-adapted parent.
INTRODUCTION
A number of workers have studied the possibility of using attenuated recombinants, obtained by crossing cold-adapted or temperature-sensitive strains with virulent epidemic influenza viruses, as live influenza vaccines (Atexandrova & Smorodintsev, 1965; Alexandrova, 1971; Murphy et al., 1973 Murphy et al., , 1978 Maassab, 1969 Maassab, , 1975 . Studies of the mutational lesions of some of these viruses have shown that the temperature-sensitive strain ts I[E], obtained by Murphy et al. (1972) , has a ts phenotype due to mutations in genes 1 and 5 which code for proteins P3 and NP respectively (Palese & Ritchey, 1977) . The cold-adapted strain A/Ann Arbor/6/60 (H2N2), obtained by Maassab (1969) , has conditionally lethal mutations in gene 1 and probably also in gene 7 (Kendal et aL, , 1979 and, in addition, gene 2 has a non-conditional mutation (Kendal et al., 1979) .
Cold-adapted and ts strains, as well as their recombinants with virulent influenza viruses, possess sufficient attenuation for use in man (Alexandrova, 1971; Alexandrova et al., 1979; Murphy et al., 1973 Murphy et al., , 1978 Davenport et al., 1977) although ts mutant ts I [El was markedly reactogenic in patients who lacked antibodies to both haemagglutinin and neuraminidase (Kim et al., 1976) .
The aim of the present study was the detection of genes with mutational lesions in the cold-adapted (ts) strains of influenza virus obtained by Alexandrova (1971) , determination of the genome composition of recombinants of these viruses with virulent influenza virus strains and analysis of the interrelation between genome composition and reactogenicity for man.
METHODS
Viruses. Cold-adapted (ts) strains A/Leningrad/134/17/57 (H2N2) and A/Leningrad/ 9/37/46 (HON1) were obtained by passage in chick embryos at 25 °C (Alexandrova & Smorodintsev, 1965) . Both strains were completely non-reactogenic for children (Alexandrova, 1971) . Biological properties of these viruses (reproduction at different temperatures, plaque formation etc.) have been described earlier (Alexandrova & Smorodintsev, 1965) . Virulent influenza virus strains A/Leningrad/82/76 (H3N2) and A/Khabarovsk/l/77 (H1N1) were isolated from patients in 1976 and 1977 respectively and passaged twice in chick embryos at 34 °C. All influenza virus strains were cultivated in the aUantoic sac of developing chick embryos at 34 o C.
Temperature-sensitive fowl plague virus (FPV) mutants belonging to six complementation groups were used. Mutants ts 29, ts 131, ts 166 and ts 3031 were isolated by us (Ghendon et aL, 1973 (Ghendon et aL, , 1975 Markushin & Ghendon, 1973 ) and had ts mutations in genes 1, 2, 3 and 7 respectively (Ghendon & Markushin, 1980; Y. Z. Ghendon & S. G. Markushin, unpublished data) . Mutants ts US 1 and ts mN3 were received by the courtesy of Dr B. W. J. Mahy and had ts mutations in genes 5 and 8 respectively (Almond et al., 1979) . All the tests were performed on primary monolayer chick embryo fibroblast cultures (CEF).
The recombinants between cold-adapted and virulent influenza virus strains have been described earlier (Alexandrova et al., 1979) . Briefly, to obtain recombinants,chick embryos were infected with a virus mixture, incubated for 18 h at 32 °C and then passaged and cloned twice by the method of endpoint dilution at 25 to 28, 32 or 40 °C in the presence of serum against the cold-adapted parent.
Recombination analysis, used to detect the genes with ts mutations, was carried out as described previously (Ghenkina & Ghendon, 1979) . Briefly, the technique was as follows. CEF cultures were infected with cold-adapted influenza virus strains at a multiplicity of I to 2 EIDso/cell and simultaneously with FPV ts mutants in doses from 102 to 106 p.f.u. The cells were covered with agar overlay and incubated at 36 and 42 °C for 3 days. In controls, the cells were infected only with the ts mutants or with the cold-adapted viruses. The human influenza virus strains did not form plaques under these experimental conditions.
Analysis of virus-specific proteins. Monolayer CEF cultures were infected with viruses at a multiplicity of nearly 100 EID~o/cell and allowed to adsorb for 30 min. Medium 199 without methionine was then added and cultures were incubated at 36 °C for 4 h. 35S-methionine (20 gCi, sp. act. 530 Ci/mmol; The Radiochemical Centre, Amersham) was then added and incubation continued for 15 rain. The cell monolayer was collected in a solubilizing solution containing 5 M-urea, I% (w/w) SDS and 0.1% mercaptoethanol, boiled for 3 min and analysed by electrophoresis on 25 or 15% polyacrylamide gels containing SDS and urea, using the discontinuous buffer system described by Laemmli (1970) . Autoradiography was performed as described by Russell & Skehel (1972) .
Analysis of the recombinant genomes was performed as described by Ghendon et al. (1979) and by Hay et al. (1977a, b) . Briefly, the technique was as follows. CEF cell cultures were incubated for 30 min at 36 °C in the presence of cycloheximide (100 /~g/ml). The medium was then decanted and the cells were infected with virus (approx. 100 EIDs0/cell) and incubated in the presence of cycloheximide (100/~g/ml) at room temperature for 30 min. Thereafter, medium containing cycloheximide (100 gg/ml) was added and the cells were incubated for 30 min at 36 °C. 3H-uridine (sp. act. 24-5 Ci/mmol; Isotop, Moscow, U.S.S.R.) was then added and incubation was continued for another 3-5 h. Isolation of cRNA was performed as described by Hay et al. (1977a) . Specimens of cRNA were hybridized by the method of Ito & Joklik (1972) in an excess of unlabelled vRNA (15 gg/specimen) isolated from concentrated and purified virions. This material was then treated with nuclease S 1 (1000 units/ml, at 37 °C for 4 h), sedimented with ethanol and studied by electrophoresis in 4% polyacrylamide gels. The gels obtained were prepared for fluorography according to Bonner & Laskey (1976) .
The study of reactogenicity in volunteers was performed as described earlier (Alexandrova et al., 1979) . In analyses of the reactogenicity of recombinants obtained by crossing the cold-adapted strains with influenza virulent strains H3N2 (recombinants H/1/2/17, H/1/4/1, H/0/4/1, H/0/2/14, P/0/3/22) from 50 to 100 adult volunteers, 18 to 21 years old, were The immunogen was applied intranasally to healthy adult patients by means of a liquid sprayer. Immunization was repeated twice at an interval of 10 to 14 days. Temperature and clinical reactions developing during 7 days after immunization were recorded. Equivalent groups of unvaccinated adults or those given physiological solution (placebo) served as controls as described earlier (Alexandrova et al., 1979) .
RESULTS

Determination of genes of cold-adapted (ts) influenza virus strains having ts mutations
The results given in Table 1 show that the crossing of the cold-adapted A/Leningrad/ 134/17/57 strain with FPV ts 131, ts 166 and ts raN3 mutants gave recombinants capable of forming plaques at the non-permissive temperature. At the same time, mutants ts 29, ts US 1 and ts 3031 did not recombine with the A/Leningrad/134/17/57 strain. On crossing the FPV ts mutants with another cold-adapted strain, A/Leningrad/9/37/46, plaque-forming ts + recombinants appeared in tests with ts 166, ts US1 and ts mN3 mutants and were absent with ts29, ts 131 and ts 3031 mutants. From the data obtained we can conclude that both cold-adapted (ts) strains have ts mutations in at least three genes. Thus, strain A/Leningrad/134/17/57 has mutations in genes 1, 5 and 7 which code for P3, NP and M proteins respectively, and strain A/Leningrad/9/37/46 has mutations in genes 1, 2 and 7 which code for P3, P 1 and M proteins respectively.
Analysis of the polypeptides of recombinants of cold-adapted and virulent influenza virus strains
In Table 2 the results of all the tests are summarized, which showed that all the proteins except the haemagglutinin of recombinants H/l/2/17 and H/32/5 had the electrophoretic mobilities of the corresponding proteins of the cold-adapted parents. Four polypeptides of the P/0/3/22 recombinant possessed the electrophoretic mobilities of the equivalent proteins of the cold-adapted parent (P1, P2, M and NS) and in the H/25/17 recombinant three proteins (P1, M and NS) had mobilities of the equivalent proteins of the cold-adapted parent. In recombinant H/0/2/14 only two proteins (P2 and M) and in H/0/4/1 only one protein (M) Y. Z. GHENDON AND OTHERS 
* Analysis of proteins was performed in 25 and 15 % polyacrylamide gels. P3 polypeptide in cold-adapted and virulent strains did not differ in mobility by electrophoresis techniques. Neuraminidase was not detected. t C, Electrophoretic mobility was analogous to the corresponding protein of the cold-adapted parent; V, electrophoretic mobility was analogous to the corresponding protein of the virulent parent; X, electrophoretic mobility did not coincide with the corresponding protein of either parent.
had the electrophoretic mobilities of the corresponding proteins of the cold-adapted parent. The rest of the proteins studied possessed the electrophoretic mobilities of the polypeptides of the virulent parents. All proteins of the H/1/4/1 strain, except M protein, corresponded to those of the virulent strain in electrophoretic mobilities. The M polypeptide differed somewhat from the corresponding proteins of either parent.
Analysis of the genome of reeombinants of cold-adapted and virulent influenza virus strains
Electrophoretic analysis of double-stranded complexes of cRNA and vRNA of influenza virus formed by hybridization and then treated with S 1 nuclease permits precise detection of the origin of each individual gene of recombinant strains (Hay et al., 1977 (Hay et al., b, 1979 Ghendon et al., 1979) . By this method we could determine the origin of genes in recombinants of cold-adapted and virulent strains of influenza virus. As seen from the data given in Fig. 1 , the hybridization of cRNA of the P/0/3/22 (P03) recombinant with vRNA of the cold-adapted parent A/Leningrad/9/37/46 (C) yielded double-stranded (ds)RNAs 1, 2, 3, 7 and 8 of the cold-adapted parent. At the same time, hybridization of cRNA of the same recombinant with vRNA of the virulent parent A/Leningrad/82/76 (V) showed that dsRNAs 4, 5 and 6 were resistant to treatment with S1 nuclease and did not change their electrophoretic mobility. Thus, we can conclude that the P/0/3/22 recombinant inherited genes 1, 2, 3, 7 and 8, which code for P3, P1, P2, M and NS proteins respectively, from the cold-adapted parent and genes 4, 5 and 6, which code for haemagglutinin, NP protein and neuraminidase respectively, from the virulent parent.
Analogous studies of the genome compositions of other recombinants, the results of which are given in Table 3 , have shown that they differ greatly. Thus, recombinants H/1/2/17 and H/32/5 inherited all the six genes which code for non-glycosylated proteins from the cold-adapted parent, taking only the genes which code for haemagglutinin and neuraminidase from the virulent strain. The P/0/3/22 recombinant inherited five genes (1, 2, 3, 7, 8) from the cold-adapted parent; the H/25/5 recombinant, four genes (1, 2, 3, 7); recombinants H/0/2/14 and H/25/17, three genes (1, 3, 7 and 2, 7, 8 respectively). The H/0/4/1 recombinant inherited only gene 7 from the cold-adapted parent and possessed intermediate ts phenotype (ts +-) even though the gene of the cold-adapted strain inherited by this recombinant was one of the three genes having a ts mutation. 
G e n o m e composition o f influenza virus recombinants
* c, Gene inherited from cold-adapted strain: V, gene inherited from virulent strain; X. electrophoretic mobility did not coincide with the corresponding dsRNA of either parent. t , Differences in titres at 32 and 40 °C were 5 logj0 and more: _+. differences in titres at 32 and 40 °C were 2 to 3 log10. Differences in titres at 32 and 40 °C in parental cold-adapted strains were 6 to 6.5 log10 and in virulent strains, 1 to 1.5 log10. t h e v i r u l e n t s t r a i n A / L e n i n g r a d / 8 2 / 7 6 , i n h e r i t e d all g e n e s b u t g e n e 7 f r o m t h e v i r u l e n t v i r u s (Fig. 2) . (Fig. 3) . The reactogenicity of recombinants obtained by crossing the cold-adapted strains A/Leningrad/134/17/57 and A/Leningrad/9/37/46 with the virulent viruses A/Leningrad/ 82/76 (H3N2) and A/Khabarovsk/1/77 (H1N1) was described in detail by Alexandrova et al. (1979) and is summarized in Table 4 . The results show that all the recombinants, irrespective of the number of genes inherited from the attenuated parents, have proved non-reactogenic for adult man, including those who had no anti-haemagglutinating and anti-neuraminidase antibodies in their blood before immunization (tests with recombinants H/32/5, H/25/5 and H/25/17). All recombinants under study were immunogenic and induced fourfold or more increase of antibodies inhibiting haemagglutination in 70 to 80 % of vaccinated adults. It should be mentioned that 706 volunteers, 18 to 21 years old, were additionally vaccinated with H/32/5. Of these, only six (0.9 %) had weak reactions.
S t r a i n H / 1 / 4 / 1 , o b t a i n e d b y c r o s s i n g t h e c o l d -a d a p t e d virus
A t t h e s a m e t i m e , g e n e 7 o f this strain, w h i c h c o d e s for M p r o t e i n , differed in e l e c t r o p h o r e t i c m o b i l i t y f r o m the c o r r e s p o n d i n g g e n e o f b o t h virulent a n d a t t e n u a t e d p a r e n t s
Y. Z. G H E N D O N A N D O T H E R
DISCUSSION
At present, there are several techniques which allow detection of mutant genes in attenuated human influenza virus strains. They are: complementation-recombination analysis , comparative study of the electrophoretic mobilities of vRNA fragments of the attenuated strain and its recombinants (Palese & Ritchey, 1977) or of the attenuated strain and parental virus . For this analysis, we have used recombination tests under non-permissive conditions for both partners. In this test, cold-adapted (ts) human influenza A virus strains, which are unable to form plaques in CEF culture, were crossed with FPV ts mutants at 42 °C, which do not form plaques at this temperature. This recombination analysis enabled us to detect at least three genes containing ts mutations in the cold-adapted influenza virus strains, namely genes 1 (P3), 5 (NP) and 7 (M) in strain A/Leningrad/134/17/57 and genes 1 (P3), 2 (P1) and 7 (M) in strain A/Leningrad/9/37/46. It might be supposed that the presence of ts mutations in the genome of cold-adapted strains is responsible for their stability and complete non-reactogenicity for man (adults and children) (Alexandrova, 1971) .
The presence of non-conditional lethal mutations in other genes cannot, however, be excluded in these strains. Such mutations were observed in ts influenza virus mutants by Richman et al. (1977) , as well as in the cold-adapted strain A/Ann/Arbor/6/60 (Kendal et al., 1979) . It is possible that some of these mutations might also be associated with attenuation since influenza virus vaccine strains have been obtained in the U.S.S.R. by multiple passage of wild-type strains in chick embryos at optimum temperature, which results in strains non-reactogenic for adults and not differing from virulent strains by their ts phenotype (Dekhtyareva et al., 1977) .
The analysis of the recombinant genomes obtained by crossing cold-adapted strains A/Leningrad/134/17/57 and A/Leningrad/9/37/46 with two virulent strains A/Leningrad/ 82/76 (H3N2) and A/Khabarovsk/1/77 (H1N1), using methods of protein and dsRNA analysis yielded results which complement each other. The genome structure appears to be rather variable. The recombinants inherited between one and six genes from the cold-adapted donor of attenuation. Of particular interest is the genome structure of recombinant H/I/4/1 in which gene 7 and the M protein encoded by it differed from the corresponding gene (protein) of both parental strains and all other genes were inherited from the virulent strain. It is possible that H/l/4/1 strain is not a recombinant but a mutant obtained during passage of the virus in chick embryos (Alexandrova et al., 1979) . In this mutant some changes of ts phenotype might have occurred. Quantitatively, the ts phenotype of the H/1/4/I strain resembles that of H/0/4/1 which inherited only gene 7 containing a ts mutation from the cold-adapted parent. It cannot be excluded that changes in gene 7 could have occurred as a result of intragenic recombination, the possibility of which was demonstrated in tests with influenza viruses (see Scholtissek, 1978) . It should be mentioned that the literature suggests that some genes of influenza virus recombinants might differ in electrophoretic mobility from the corresponding gene of both parents (Hay et al., 1977b; Oxford et al., 1978) .
The data obtained have shown that all the recombinants produced by crossing cold-adapted with virulent H3N2 and H IN 1 strains, irrespective of the number of genes they inherited from the attenuated parent, appeared to be harmless for adult man, including the so-called double-seronegative adults who do not have anti-haemagglutinating and antineuraminidase antibodies (tests with recombinants H/32/5, H/25/5 and H/25/17). In tests with double-seronegative adults, even the recombinants which inherited only one of three genes containing ts mutations from the attenuated parent (e.g. H/25/17) have also appeared non-reactogenic and it is possible that some genes of the cold-adapted strains might possess non-conditional lethal mutations having direct connection with attenuation.
The results allow us to conclude that it is possible to regularly obtain non-reactogenic recombinants of influenza virus by means of recombination of cold-adapted (ts) strains having not less than three ts mutations in genes coding for internal virion proteins, with epidemic influenza virus strains. We presume that while obtaining recombinant attenuated strains of influenza virus which are candidates for live vaccines, it is advisable to use the recombinants which inherited not only the genes containing ts mutations but all the remaining genes which code for non-glycosylated proteins from the cold-adapted parent. This is supported by the literature. It is known that redistribution of genes in the process of recombination of two influenza virus strains non-pathogenic for mice might result in obtaining virulent recombinants (Scholtissek et al., 1979) . Furthermore, analysis of revertants Of reovirus ts mutants revealed that reversion towards ts + phenotype depends mostly on the mutation of a gene other than that containing the ts mutation (Ramig & Fields, 1979) . Consequently, the more genes of the virulent virus included in the genome of the recombinant, the more likely the attenuated donor might lose mutant phenotype.
It is not yet clear whether transfer of the genes from virulent viruses which code for HA and NA might influence the reactogenicity of recombinants. According to the literature (Rott et al., 1976 (Rott et al., , 1979 transmission at recombination of genes encoding HA and NA is not accompanied by changes in pathogenicity. Also, according to Potter & Oxford (1979) , one of the recombinants which inherited six genes from the attenuated parent A/PRS/34, and only two genes from the virulent parent, encoding HA and NA, possessed reactogenicity for man. Thus, we cannot completely exclude the possibility that proteins of the virus membrane might influence the function of other virus proteins and pathogenicity (reactogenicity) of the virus as a whole.
